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Branched iso- and anfe/so-alkanes were conjointly used, 
with n-alkanes and PAHs, as specific molecular markers 
to trace environmental tobacco smoke (ETS) in particle¬ 
sized aerosols collected in the indoor and outdoor urban 
atmosphere. GC/MS and GC-HD were used for the de¬ 
termination of iso-, anteiso-, and n-alkanes and PAHs. The 
branched alkanes (ranging from C 29 to C 33 ) were detected 
only in particles in the accumulation range mode (<1.5 
//m) in both indoor and outdoor samples. The concentrations 
of iso- and anfe/so-alkanes in the indoor aerosols (0.75— 
8.53 ng/m 3 ) were higher than those measured in outdoor 
samples (0.77-1.51 ng/m 3 ). The indoor aerosol pattern 
of iso-, anteiso-, and their calculated diagnostic concentration 
ratios were characteristic for ETS. The compound 
distribution pattern of indoor n-alkanes (ranging from C 2 i 
to C 33 ) was of biogenic origin, and the use of odd-io- 
even predominance running ratio curves indicated their 
cigarette smoke origin. The corresponding outdoor pattern 
and concentration ratios, although less characteristic 
than the indoor ones, also indicated ETS as the main source 
of these compound s. The distribution study of the bra nched 
alkanes between gas and particulate phase in indoor 
aerosol demonstrated their presence only in the particles. 
On the other hand, PAHs in the gas phase gave a compound 
pattern more cha racte ri stic of ETS com ponents tha n the P AHs 
present in the particulate phase, /sc-and anfe/so-alkanes, 
due to their specificity, their nonreactive character, their 
association with the accumulation range mode particles, 
and therefore, their long atmospheric residence time, are 
the most suitable tracers for particulate ETS emissions 
in the indoor and outdoor urban atmosphere, 

introduction 

Environmental tobacco smoke (ETS) is the material released 
into the ambient atmosphere by smoking tobacco products. 
Cigarettes are the primary concern because of their wide¬ 
spread use (e g., 600 billion cigarettes are consumed in the 
United States per year) (J). Cigarette-generated ETS com¬ 
pounds derive primarily from side-stream smoke emitted 
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between puffs and differ as the smoke mixture is diluted and 
aged 

Released reports (I, 2) include sufficient evidence to 
conclude that concerns about respiratory disease and the 
impairment of lung cancer development due to ETS exposure 
cannot be ruled out. Therefore, in the above-mentioned 
reports, research was required to determine the physical 
properties and chemical composition of ETS respirable 
suspended particulate matter (RSP), determining the gas- 
particulate phase distribution of ETS constituents and 
identifying suitable molecular markers for ETS exposure. 

During the past decades, studies focusing on the gaseous 
and particulate smoke constituents have been conducted 
(3—11). The most important problem for environmental 
tobacco smoke indoor monitoring was to identify the 
correlation between ETS species and those compounds 
responsible for the observed human health effects (I, 2 ). 

There are many factors for the selection of molecular 
markers or tracers of ETS- The knowledge of gas-to -particle 
distribution of the compounds is useful because of the 
different removal rates of each phase (121. On the other 
hand, ind oor particles originating from ETS will be exchanged 
very rapidly with the outdoors, influencing the external 
particulate composition (13). Recently, researchers reported 
that cigarette smoke accounted for about 2.7% of the urban 
fine organic aerosol material (IT). Therefore, appropriate 
molecular markers should be used to trace ETS presence 
outdoors as well. 

Tracers of ETS used in the past include CO (5), nicotine 
(5), ZV-nitrosamines (5. 6). urinary 1 concentrations of nicotine 
and cotinine (5 ), and sterols and sterenes (9). Nicotine is a 
unique gaseous compound and a major constituent of ETS. 
It could be a good biological marker as it metabolizes to 
cotinine. Cotinine is stable in the body, at detectable levels 
for several days (9). Nitrogen -containing compounds sucli 
as JV-nitrosamine and 3-ethenylpyridine were also deter¬ 
mined in several indoor environments in gaseous form ( 4 — 
7). But the gas-to-particle distributionofnicotineand other 
nitrogen-containing compounds is a disadvantage to the 
suitability of these compounds as molecular tracers for ETS 
(4. 5). 

RSP has been suggested as a potential tracer of ETS. 
However, RSP is emitted from several sources; therefore, it 
is neither specific for ETS nor representative for the exposure 
to the ETS gaseous constituents (S). PAHs are not source- 
specific and are susceptible to photodegradation in the 
atmospheric environment. Solanesol, a trisequiterpenoid 
alcohol (C^H/jQ), was also considered as a suitable par¬ 
ticulate compound to trace ETS in the indoor environment 
(10). This compound is an alcohol with nine double bonds, 
and it was found to be very reactive under atmospheric 
conditions (e.g., O 3 and photooxidation). If the above- 
mentioned compounds are not the most appropriate ETS 
tracers for the indoor atmosphere, they are certainly not 
suitable for the same use in the outdoor environment. 

2 Methyl- (iso ) and 3-methylalkanes (anfe/so-alkancs) 
ranging from C 2 .j to C 31 had been proposed and successfully 
used as specific ETS tracers outdoors (11, 14, 15). These 
compounds show a characteristic concentration pattern in 
tobacco leaf surface wax and. consequently, in tobacco 
smoke, which is different from the one found in the leaf 
surface of other plants (77) In addition, none of these 
compounds was detected in crude oils as a result of diagenetic 
and catagenetic processes having occurred during oil forma¬ 
tion (77). Therefore, iso- and anteiso-alkanes demonstrate 
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sufficient specificity and nonreactive character to be used as 
ETS tracers. 

The objectives of this study were defined as Follows: (a) 
the study of the presence of branched iso- and anfeiso-alkanes 
conjointly with other ETS stable components such as 
n-alkanes and PAHs in indoor and outdoor size-distributed 
urban aerosols; (b) the investigation of the distribution of 
these compounds between the gas and particulate phase; 
and (c) the use of parameters such as Carbon Preference 
Index (CPI) (IS), wax n-alkanes (WNA) content (17), “un¬ 
resolved complex mixture” content to n-alkanes content 
(UCM/NA (17)). odd-to-even predominance (OEP) (15, 18), 
and PAHs concentration diagnostic ratios (15) to reconcile 
the presence of n-alkanes and PAHs in particles and in the 
gaseous phase of indoor aerosols with ETS and to compare 
them with those from other possible emission sources. For 
the purpose of this study, urban aerosol samples were 
collected by using a five-stage (and backup) cascade impactor 
located in tire interior and the exterior of a 20 m high building. 
Gaseous and particulate organic compounds were collected 
simultaneously by a high volume sampler containing a quartz 
filter followed by a polyurethane foam cartridge. In addition, 
samples were collected in a semi-urban and a rural location 
in order to check the presence, and thus the specificity, of 
iso- and anteiso-alkanes as tracers of ETS in the urban 
atmosphere. 

Methodology 

Site Characteristics and Sampling. All samples (29 in total) 
were collected in urban and nonurban locations on the Island 
of Crete in Greece. Six paired 12-h indoor and outdoor 
samples were simultaneously collected, with a high volume 
sampler, in two buildings (three samples indoors and three 
samples outdoors for each sampling site) and their sur¬ 
roundings. situated in the urban area of the city of Heraclion. 
Samples were collected in the main hall of the building of 
the University of Crete and in the main lobby of the State 
Telephone Company building. In both sites, smoking is 
allowed. Outdoor samples were collected on a seasonal basis 
(two additional samples were collected during rain). To 
assess the presence of ETS tracers in size-distributed air 
particles, two paired 24-h samples were collected indoors 
and Outdoors of each building. Three simultaneous sam¬ 
plings of gas and particulate phase of ETS tracers were 
conducted in the lobby of the State Telephone Company 
building during working (two) and nonworking (one) hours. 
For comparison, the following samples were also collected: 

(a) two indoor samples in nonsmoking areas of the above- 
mentioned buildings, (b) three samples at a national road 
southwest of the city of Heraclion, and (c) three samples at 
the rural sampling station of rhe University of Crete, located 
on the northeastern coast of the Island of Crete (15). 

Sampling took place during 1994 (University building 
indoor and paired outdoor samples, one outdoor sample 
during rain) and 1995 (State Telephone Company building 
indoor and paired outdoor samples, one outdoor sample 
during rain, cascade impactor samples, sampling of gas and 
particulate phase, rural and semi-urban samples). 

For sample collection, a high volume pump (GMWL-2000, 
General Metal Works, OH) was used. A pre-extracted 20 x 
25 cm quartz fiber filter (Whatman, Maidstone, UK), having 
a collection efficiency higher than 99% for particles with 
radius larger than 0.3 lira at the 90 m 3 /h flow rate used, was 
mounLed on the high volume pump for the collection of 
urban, suburban, rural, and indoor total mass organic 
aerosols, For the size-distributed particles, a five-stage (plus 
backup filter) Sierra Andersen model 230 impactor was used 
mounted on the above-mentioned pump. Aerosol particles 
were separated irjm six size fractions on glass fiber filters 
according to the following equivalent cutoff diameters at 
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50% efficiency: first stage >7.2 gm, second stage 7.2-3.0 
,um, third stage 3.0-1.5 pm, fourth stage 1.5-0.96 pm, fifth 
stage 0.96-0.5 pm. and backup filter <0.5 pm. Indoor gas 
and particulate phase were sampled as follows: Particles 
were sampled on a pre-extracted 120 mm diameter quartz 
fiber filter. Polyurethane foam plugs (PUF. 760 mm height 
and 610 mm diameter) placed downstream ofthe filter were 
used as adsorbents to trap vapor phase compounds at a 70 
mVh flow rate. The filter and the PUF cartridge device were 
mounted on a Sierra Andersen model 1- PUF sampler. After 
collection, the filters were placed in glass tubes, and the PUF 
cartridges were wrapped in aluminum foil and stored in a 
freezer at -30 °C until extraction and analysis. 

Materials. Solvents (SupraSolv grade) and standard 
compounds were purchased from Merck (Darmstadt, Ger¬ 
many). Silica gel {70-230 and 230-400 mesh) was also 
purchased from Merck (Darmstadt, Germany). Glass and 
quartz fiber filters were delivered by Whatman (Maidstone, 
UK), PUF cartridges were provided by Sierra Andersen. All 
materials were pre-extracted in a Soxhlet apparatus overnight 
and kept dry until use. Quartz filters were baked at 550 °C 
for 4 h and then kept in a dedicated clean glass container, 
with silica gel, to avoid humidity and contamination. 

Fractionation, Derivatization, and Identification. A 
detailed description of the analytical procedure used for 
extraction, separation, and analysis of the main lipid fractions 
hasbeen published elsewhere (79). The above protocol was 
applied for the determination of normal and branched 
alkanes in a composite tobacco sample from cigarette brands 
widespread in Greece. The separated organic compounds 
were analyzed by high-resolution gas chromatography and 
gas chromatography—mass spectrometry in the electron 
impact mode. 

Calculations, (a) The wax n-alkanes concentration (WNA) 
was calculated as follows; 

wax C„ = C n — 0.5[(C rH . 1 ) + (C„_,)) 

Negative values of C n were taken as zero, 

(b) The odd Carbon Preference Indices (CPI) for n-alkanes 
were calculated as follows: 

CPI = y,C|3—Cas/y.Cjg—C 34 

(c) Running OEP ratios were computed using the following 
equation: 

OEP for C n = 

[(C„_ z + 6C n + C n+z )/(4C n , l + 

OEP values were plotted vs the carbon chain length to 
construct the OEP curves, 

(d) Dry deposition was calculated by the six-step method 
( 12 . 20 ) :' 

e 

F^^CMD,) 

i=i 

Fe is the dry deposition flux (ugirT 2 yr -1 ), D, is the midpoint 
cutoff diameter of each impactor stage (ini}, tj is the 
deposition velocity for each midpoint diameter particle (cm/ 
s), and Q is the concentration of hydrocarbons in each stage 
(ng/m 3 ). 

(c) Wet deposition was evaluated according to the 
following model (12, 21): 

F= W V PC V 

W p is the washout factor, P is the annual precipitation (cm/ 
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TABLE 1. Total Suspended Particle (TSP) and Total Solvent Organic Extract (T$0£) Concentration 9 


indoor aerosols indoor gas-to-particle 



urban 

suburban 

rural 

nonsmoking 


distribution 

cigarette 

compd classes 

aerosols 

aerosols 

aerosols 

area 

smoking area 

particles 

gas phase 

smoke 3 

TSP (ug/rrP) 

85.00-93.00 

26.30-122.60 

12.95-31.95 

0.89-31.10 

155.10-774.40 




TSOE (teg/m 3 ) 

6.20-14.80 

1.10-1.80 

1.73-3.03 

0.15-3.64 

37.1-516 3 




TSOE/TSP (%) 

6.80-15.94 

0.88-5.10 

9.50-13.40 

11.69-16 67 

23.92-66.67 







Aliphatics 





(C„,—C„): rnait 

(Ci 2 C 33 ); 

(Cl 2 —C 33 ); 

(C 12 —Cas); 

(Ci 7 —C 34 ): 

(C— C,„); 

(Cu-C 33 ): 

(Cl 5 C 30 ); 

(C 2 t Cas); 


C 25 . C 29 

C 25 

C 31 

C3t 

C 31 

Cis, C 2 7 

Cjo. C 2 , 

C 31 

concn (ng/m 3 ) 

65.0-320.0 

7.8-17.8 

2.28- 16.05 

5.23-7.15 

377.6-2789.6 

25.7-41.5 

32.5-44.5 

549.0 

CPI 

1.41 ± 0.18 

1.66 ±0.29 

4.53 ± 1.10 

1,75-1.34 

3.09 ± 0.25 

1.55 ±0.35 

0.91 ± 0.09 

3.44 

concn (branched) 

4.5-13.48 

nd 

nd 

0,72-0,99 

217.71-1952.19 

3.11—8.86 

nd 

289.2 

branched-Cn ma * 

i-Cji, a-Ca 2 



/-C 31 

f-Cji 

/-C 31 


1 -C 31 , a-C 32 

UCM/NA 

8.63-14.02 

2.83-4.47 

3.06-9.77 

80 10-90.41 

1.96-2.12 

1.10-4.26 

9.10-21.37 


WNA (%); C„ 

13.9-25.0; 

13.1-36.3; 

54.6-71.6; 

30.3-35.8; 

54.3-69.6; 

19.1-34.9; 

11.7-15.3; 

63.35; Can 


C 25 . c 29 

c z6 

C3i 

C 3 i 

C 31 

Czr, €37 

C 20 .C 21 






PAHs 





TPAHs (ng/m 3 ) 

20.0-60.0 

0.17-1.14 

0.1—2.8 

0.002 

21.0-1545,9 

0.55-6.5 

8.37-28.08 

13.S 

CPAHs/TPAHs 

0.45 ± 0.04 

0.42 ± 0.10 

0.75 ± 0.10 

0.03 

0.70 ± 0.07 

0.43 ±0.17 

0.17 ±0.07 

0.21 

MP/P 

3.20 ±0.55 

3.53 ± 1.75 

0.98 ± 0.01 

3.57 

2.94 ±1,02 

2-64 ± 1,50 

1.25 ±015 


BA/BA+CT 

0.34 ± 0.02 

0.31 ± 0.09 

0.20 ±0.09 


0.19 ± 0.01 

0.1 7 ± 0.03 

0.27 ± 0.09 

0.28 

BeP/BeP+BaP 

0.70 ± 0.02 

0.73 ±0.15 

0.79 ± 0.09 


0.64 ± 0.09 

0.34 ±0.13 



FI/FI+Py 

0.45 ± 0.06 

0.54 ±0.17 

0.75 ±0.11 

0.61 

0.34 

0.46 ± 0 03 

0 48 ± 0.03 

0.48 

IP/IP+BgP 

0,30 ±0.02 

0.59 ± 0.27 

0.61 ± 0.04 


0.34 

0.65 ±0,14 




a Homologue ranges (C OT —C„) and homologues with the maximum concentration (C orn , r ) for n- and branched alkanes. Concentration ranges 
for rh and branched alkanes and PAHs. Diagnostic molecular parameters for urban, suburban, rural, indoor aerosol, indoor gas and particulate 
phase, and cigarette smoke. UCM, unresolved complex mixture. NA, total n-alkanes. WNA, leaf wax n-alkanes. TPAHs, total PAHs concentration. 
CPAHs, combustion-derived PAHs. MP/P, methylphenanihre to phenanthrene. BA/BA+CT, benzla]anthracene to [benz[a)anthracene-t- chrysene,* 
tryphenylene], BeP/BeP-i-BaP, benzo[e] pyrene to lbenzo[e] pyrene -r benzota] pyrene], FI/FI+Py, fluoranthene to [fluoranthene + pyrene]. lP/IP+BgP, 
indeno[1,2,3-cd]pyrene to [benzo[gh/]perylene + indenofl,2,3*cd]pyrene]. ''Concentrations are In ^g/g. 


yr), and Cpisthe concentration of hydrocarbons on particles 
(ng/m 3 ). We used an annual precipitation value of 25 cm/yr 
for the Eastern Mediterranean and a washout factor of 10 5 
for alkanes (12). 

Results and Discussion 

Samples General Characteristics. Concentrations of total 
suspended particles (TSP) and total sotvent organic extract 
(TSOE) of the aerosol samples are given in Table 1. Also in 
Table 1 are reported for aliphatic compounds the concen¬ 
tration ranges for n- and branched alkanes, the homologue 
with the highest concentration (C„ ma „), the diagnostic 
molecular parameters such as Carbon Preference Index (CPI), 
and the wax n-a!kanes content (WNA): for PAHs. the 
concentration range and the diagnostic concentration ratios 
of specific PAHs are given 

HigherTSP concentration levels (155.1- 774.4 ug/m 1 ) were 
found in the indoor samples collected in smoking areas than 
in indoor nonsmoking areas (0.89-31.1 O/ig/rn 1 ) and in urban 
(85.0—93.0/rg/m 3 ), suburban (20.3—122.6/rg/m 3 ), and rural 
(13.0-32.0,ug/m 3 ) areas (Table 1). Theindoorconcentration 
levels were affected by the sampling time period as welt as 
by the number of people assembled in the sampling site, 
and they changed dramatically with the time of the day. The 
same was observed with the TSOE concentration levels. TSOE 
represented a lower amount of TSP in urban (7.0-17.0%), 
suburban (1.0—5.1%), rural (9.5—13.0%), and indoor non¬ 
smoking areas (11.7—16.7%) samples, but a substantially 
higher amount in the indoor samples collected in spaces 
where smoking was practiced (24.0—66.7%) (Table 1). 

n-Alkanes and Iso- and Antciso Alkanes. These com¬ 
pounds are preferentially found In tobacco leaf surface waxes 
( 11). ho- and anfeiso-alkanes were identified by means of 
their mass spectra. As authentic standards were not available, 
cigarette tobacco samples were extracted, and their lipids 
were separated with the same analytical protocol used for 
aerosols. In Figure 1A is presented the total ion chromato¬ 


gram of the aliphatic fraction of a cigarette tobacco extract. 
This chromatogram is almost identical with the correspond¬ 
ing chromatogram obtained from the aliphatic, fraction of 
an indoor aerosol extract (Figure 2A.C). In Figure 1, panels 
B and D, are presented the mass spectra of 2-mcthyltria 
contane (iso-C 3 i) determined in cigarette tobacco (Figure 
IB) and aerosol (Figures ID and 2C) samples. These spectra 
are identical and contain the typical fragmentation pattern 
(M' + - IC3H7'], m/z393) for this branched alkane. In Figure 
1. panels C and E. are presented the corresponding mass 
spectra of 3-methylhentriacontane {anteiso-Cn) determined 
in cigarette tobacco (Figure 1C) and aerosol (Figures IE and 
2 C) samples. These spectra are also identical and contain 
the typical fragmentation pattern (M" + - IC 2 H 5 ‘], m/z 421) 
for this branched alkane. All iso- and anterso-alkanes 
reported in this study have been identified by using this 
approach. 

A stronger odd/even predominance, expressed by CPI, 
was observed In indoor samples collected in smoking areas 
(CPI 3.09 ± 0.25) than in the corresponding nonsmoking 
(CPI 1.75-1.84), urban (CPI 1.41 ± 0.18), and suburban (CPI 
1.66 ± 0.29) ones (Table 1). The CPI values of n-alkanes 
associated with indoor particles approached those associated 
with rural particles (CPI 4.53 ± 1.10), where biogenic inputs 
(from epicuticular waxes of higher plants) predominate (15). 
To differentiate the biogenic from the petrogenic origin of 
n-alkanes, the concentrations of wax terrestrial n-alkanes 
(WNA) were calculated. The wax n-alkanes percentage 
(WN A%) in indoor smoking areas samples ranged from 54.3% 
to 69.0% (Table 1), and their distribution maximized at n-Csi 
(Table 1 ). These values are considerably higher than those 
obtained for indoor nonsmoking (30.30—35.80%), urban 
(14.0—25.0%), and suburban (13.2—36.4%) areas and ap¬ 
proached the corresponding values for rural samples (55.Q— 
72.0%). The indoor smoking areas particles and their 
associated n-alkane GC profiles (Figure 2A), CPI values, and 
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FIGURE 1. Segment of a total ion chromatogram [TIC, panel A) ofthe aliphatic fraction of cigarette tobacco extract. Mass spectra of t'so-Cji 
(panel B) from cigarette tobacco extract ( 6 , panel A), of iso-Cn from indoor aerosol extract ( 6 , Figure 2C), of ante/so- C» (panel C) from 
cigarette tobacco extract (10, panel A), of anteiso-C n from indoor aerosol extract (10, Figure 2C). Compounds: (1) r-C a , (Z) n-C^, (3) i-Ca, 
(4) a-Cjo, (5) reCa, ( 6 ) 7-C 31 , (7) a-Cji, ( 8 ) rr-Cu, (9) 7-Cj 2 , (18) a-Cjj, ( 11 ) n-C,^ : ( 12 ) /-C 33 , (13) a-Cu, and (14) n-Ca, 


WNA percentages (Table 1) had characteristics of a strong 
input of biogenic n-alkanes (75). 

The dally n-alkanes particulate phase total concentration 
ranged from 25.76 to 41.55 ng/m 3 at the State Telephone 
Company Building indoor sampling site. Particle associated 
n-alkanes are dominated by the biogenic n-C !7 , n-C 29 , and 
n-C3i hydrocarbons (Figure 2A). These concentrations are 
comparable with those determined in the simultaneously 
collected gas phase, which ranged from 32.58 to 44.51 ng/ 
m 3 . The low molecular weight n-Cia. rt-Czo. n-C 2 i, and n-C 22 
hydrocarbons are the dominant homologues in the gas phase 
(Figure 2B). Gas phase n-alkanes had CPI values lower than 
one (0.91 ± 0.09), high UCM/NA ratios (9.10—21.37), and 
low WNA percentages (11.69-15.30) (Table 1). Thestronger 
biogenic character of particulate n-alkanes, in comparison 
to the gaseous ones, was also demonstrated by the higher 
CPI values (1.55 ± 0.31), the lower UCM/NA values (1.10— 
4.26), and the higher WNA percentages (19.12—34.94) (Table 
1). Smoking intensity clearly influenced the extent of the 
parameters indicating the biogenic origin of n-alkanes in 
indoor samples. Iso- and anrefso-alkanes (11, 14, 15), used 
to trace cigarette smoke, were considered in order to correlate 
their presence to the biogenic character of n-alkanes and to 
check if the strong biogenic indoor n-alkanes character is 
related with ETS. These branched aliphatic compounds are 
abundant in cigarette smoke particles and show a concen¬ 
tration pattern characteristic of tobacco leaf surface waxes 
{11), It is noteworthy that the branched iso- and antciso- 
alkanes were absent in the gaseous phase while present in 
the particulate phase in concentrations ranging from 3.11 to 
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8.86 ng/m 3 (Figure 2A—C andTable 1). The presence of ETS- 
derived iso- and anferso-alkanesonly in the particulate phase 
shows that these compounds are. In addition to their chemical 
stability, suitable tracers for the particulate phase of ETS. 
The relative concentration distributions of iso- and anfe7.se- 
alkanes determined in indoor samples (Figure 3A) are 
convincingly similar to their distribution determined in 
cigarette smoke particles (Figure 3B) (7 7). The OEP curves 
calculated for n alkane concentrations associated with indoor 
particles from a heavy smoking atmosphere (Ini) and indoor 
particles separated from the gas phase (In2) and those 
calculated for n -alkanes in cigarette smoke (from n-alkane 
concentrations given in ref 7 7) have almost identical shapes 
(Figure 4A). Thus, they further support the biogenic character 
of indoor n-alkanes with ETS. This observation jointly with 
the presence of iso- and anfeiso-alkanes demonstrates the 
predominant Input of n-alkanes, from cigarette smoke. In 
the indoor samples studied. For comparison purposes, the 
same curves were used to characterize n-alkanes associated 
with urban, suburban, and rural samples, Their representa¬ 
tive OEP curves are shown in Figure 4C. It is obvious that 
plots of OEP versus n-alkane chain length vary among 
unrelated particle extracts, but they are similar for samples 
of common origin. 

Characteristic m/z 85 + 99 mass chromatograms for 
indoor and outdoor urban aerosol samples are shown in 
Figure 2C,D. In the chromatogram of the outdoor sample, 
the presence of iso- and anteiso-alkanes is clearly demon¬ 
strated. In Table 2 are given diagnostic ratios of concentra¬ 
tions of iso- and anfefso-alkanes measured in indoor and 
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FIGURE 2. rt-Alkane nil 85 and 99 ion chromatograms for indoor 
particles (panel A) and gas phase (panel B). Segment of mil 85 and 
99 ion chromatograms for indoor fyianel C) and outdoor (panel D) 
aerosols. Compounds: (1) /■€«, (2) n-Cjs, (3) /-Cm, (4) a-C 3 j, (5) n-Cw, 
(6) /-C 3 i, (7) a-Cji, (8) n-Cji, (9) #-C, 2 , (10) a-Cj?, (11) n-C-, (12) /-Cj 3 , 
(13) a-C B and (14) n- Ca. 


outdoor samples examined in this study. By comparing the 
results obtained in this study and those published for cigarette 
tobacco, cigarette smoke, and leaf waxes ( 11 ), we can confirm 
that cigarette smoking is a source of aliphatic hydrocarbons 
also to the urban outdoor atmosphere. The ratios of 
concentrations of the most abundant n , iso-, and anteiso- 
alkanes indicated that the iso- and anfefeo-alkancs found in 
the urban atmosphere originate likewise from cigarette 
smoke. The concentration ratio of an teiso -Cso to n-C-so (a- 
Cjo /ri C 3 n. Table 2) Is 0.045 for leaf abrasion products, 2.24 
for cigarette tobacco, and 1.71 for cigarette smoke. This 
pronounced difference is also reflected in indoor aerosol 
samples and in samples where the particulate phase was 
separated from the gaseous one (Table 2). A pronounced 
variation is also noticed in the concentration ratios of the 
following: JSO-C 31 to n-Cu (I-C 31 // 1 -C 31 , Table 2), which is 
0.007 for leaf abrasion products, 0.4 i for cigarette tobacco, 
0.39 for cigarette smoke, 0.50-0.58 for indoor samples, and 
0.12-0,58 for outdoor samples: a/iferio-Cj? to n-C :K \a-C it ! 
n-Czz, Table 2), which is 0.056 for leaf abrasion products. 
3.17 for cigarette tobacco, 2.07 for cigarette smoke, 2.58- 
2.63 for indoor samples, and 0.66-1.94 for outdoor samples; 
J 50 -C 33 to n Cn (/-C 33 /n-C 33 , Table 2), which is 0.027 for leaf 
abrasion products. 0.35 for cigarette tobacco, 0.39 for cigarette 
smoke, 0.51-0.52 for indoor samples, and 0.08—0,43 for 
outdoorsamples; iso C 33 to iso- C 31 (I-C 33 //C 3 ], Tabic 2), which 
is 1.87 for leaf abrasion products, 0.35 for cigarette tobacco, 
0.50 for cigarette smoke, 0.25—0.35 for indoor samples, and 
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FIGURE 3. Relative concentration pattern of iso- (/-CJ and anteiso- 
alkanes (a-CJ In total and size-distributed (0.96-0.5 and <0.5 pm) 
Indoor aerosol (panel A), cigarette smoke (panel B), and size- 
distributed (0.96-0.5 and <0.5 pm) outdoor aerosol (panel C). 


0.23—0.30 for outdoor samples; anteiso-C^z to JSO-C33 hi-C v,/ 
i-C 33 , Table 2), which is 0.35 for leaf abrasion products, 2 95 
for cigarette tobacco, 2,00 for cigarette smoke, 2.43-2.67 for 
indoor samples, and 1.45—2.84 for outdoor samples. Fur- 
themore, if we assume that the presence of the most abundant 
iso -and an fe/so-aLkanes ( anteiso-Cw , iso-C 3 i, anfeiso-C 32 , and 
/S 0 -C 33 , Table 2) found in our outdoor samples was due mostly 
to the leaf surface abrasion products, then the sum of their 
concentration could be used to calculate the expected 
concentrations of the corresponding n-aikanes f/i-Cj,) n-C 3 i, 
n- C} 3 , and n-C.33) by using the ratio of the summed con¬ 
centrations of iso- and anfeiso-alkanes (XO'T <i)C-,) to the sum 
of concentrations of n-alkanes [ZnC n , calculated from data 
concerning leaf abrasion products (11), Table 2], The 
estimated n-alkanc concentrations should be 10—30-fold 
higher than those actually determined in this study (Table 
2). This similarity of iso- and ante/so-alkanes aerosol 
distribution with the corresponding one of indoor aerosol 
(Table 2) implies that these branched alkanes originate from 
tobacco smoke. Comparable results were published for the 
Los Angeles urban area. Iso- and ante/so-alkanes were not 
detected in suburban and rural samples, pointing out that 
their presence is rather characteristic of the urban atmo¬ 
sphere. 

Polycyclic Aromatic Hydrocarbons: Composition and 
Characteristics. Figure 5A shows the PAHs distribution in 
different urban, suburban, and rural aerosol samples. In 
Figure 5B are given the corresponding PAHs distributions 
indoors in the gas and the particulate phases. Collective 
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TABLE 2. Diagnostic Concentration Ratio Values for Indoor and Outdoor Size-Distributed iso- and anfe/so-Alkanes, Cigarette 
Tobacco, Leaf Wax, and Cigarette Smoke 


indoor 



gas 

phase 



indoor 



outdoor 


cigarette 

tobacco 

cigarette 

smoke' 

leaf 

diagnostic ratio 

particles 

total 

0.96-0.5 fi m 

<0,5 /im 

total 

0.96—0.5 /im 

<0.5 fim 

waxes* 

a-C^ofn-CiQ 


1 42 

1.87—2.03 

2.01 

1.79 

0.35-0.83 

0.48 

0.24 

2.24 

1.71 

0.045 

/-Csi/n-Cai 


0.51 

0.50-0.58 

0.42 

0.43 

0.12-0.58 

0.09 

0.12 

0.41 

0.39 

0.007 

a- Cufn-Czz 


1.94 

2.58-2.63 

2.20 

2.59 

0.66-1.94 

1.76 

0.19 

3.17 

2.07 

0.056 

/-C33/n-C33 


0,41 

0.51-0.52 

0.37 

0.47 

008-0.43 



0.35 

0.39 

0.027 

a-C 30 / /-C 31 


0.63 

0.63-0.65 

0.86 

8.72 

0 38-1.42 

2 57 

096 

0.52 

0.52 

0.30 

/-C 33 //-C 31 


0.32 

0.25-0.35 

0.25 

0.38 

0.23-0.30 



0.35 

0.50 

1.87 

a-Cj 2 //“C 3 3 


2 66 

2.43-2.67 

3,43 

2.10 

1.45-2.84 



2.95 

2.00 

0.35 

£{/+a)—Cj/Sn— C n 


0 72 

0.92-0.90 

0.76 

0.76 

0.13-0.40 

0 31 

0.16 

0.68 

0.66 

0,02 


* Data obtained from Rogge et at. (26). 
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FIGURE 4. n-Alkane OEP plots for indoor aerosol (Ini and In2) 
cigarette smoke (panel A); size-distributed (0.96-0.5 and <0.5 pm) 
indoor aerosol (panel B); urban, suburban, and rural aerosol (panel 

C). 

parameters and PAHs concentrations diagnostic ratios are 
given in Table !. 

Urban samples had total PAH concentrations (TPAHs) 2 
orders of magnitude higher than those of the suburban and 
rural samples (Table 1) and 2 orders of magnitude tower 
than those of indoor samples collected during heavy smoking 
(Table 1}, Although the qualitative composition of PAHs in 
all samples is very similar, the relative abundance of specific 
components within mixtures displays discernible differences. 
For example, urban samples contain mostly three- and four- 
ring compounds and their methylated derivatives (Figure 
5A), Bcnzot^/wlpeiylcne and coronene are the most abun¬ 
dant components in all urban aerosol samples. Indoor 
aerosol samples contained fewer PAH compounds and had 
different compound distributions than urban and rural 
samples, with chrysene (+tripheny!ene), benzo[e]pyrene,and 
benzotg/njperylene being the most abundant homologues. 
In addition, the examination of the relative concentrations 
of dimethylphenanthrene (DMP) isomers (Figure 5C) indi- 
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FIGURE 5. PAH relative compound distribution in urban, suburban, 
and rural aerosol (panel A); PAH relative compound distribution in 
indoor gas and particle phase (panel B). Dimethylphenanthrenes 
(•), m/z 20G, ion chromatogram for indoor particles (panel C). 
Compounds: (1) naphthalene, (2) methylnaphthalene, (3) acenaph- 
Ihane, (4) fluorene, (5) methylfluorene, ( 6 ) phenanthrane, (7) 
anthracene, ( 8 ) dimethylfluorene, ( 8 ) methylphenanthrane, ( 10 ) 
dimethylphenanthrane, (11) fluoranthene, ( 12 ) acephenanthrylene, 
(13) pyrene, (14) trimethylphenanthanes, (IS) methylpyrene, (16) 
dimethylpyrene, (17) henro[g/)i](lunranthene, (18) (474-cyclopenta- 
[cdjpyrene, (19) benz[a|anthracene, ( 20 ) chrysene/triphenylene, ( 21 ) 
methylchrysene/triphenylene, (22) benzci [fi//] fluoranthene, (23) benzo- 
{AJfluoranthene, (24) benzofa|fluoranthene, (25) benzo[e]pyrene, (26) 
benzo[a]pyrene, (27) perylene, (28) indeno[7,1,2,3-cdei] chrysene, (29) 
indenofl ,2,3-ctflpyrene, (30) dibenz[a,/i]anthracene, (31) benzofgh;)- 
perylene, (32) coronene. 


cated that indoor air particulate matter present the same 
DMP isomers pattern as samples originating from motor 
vehicle emissions (2Zj. 

Urban samples are characterized by a relative value 
stability of these ratios (Table 1). The sum of concentrations 
of nine major nonalkylated compounds (fluoranthene. 
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FIGURE 6. Lundgren diagrams for indoor and outdoor total suspended particles (TSP), total solvent organic extract (TSOE) (panels A and 
B), n-aikanes (panels C and 0), iso- and anferso-alkanes (panels E^and F)< and PAHs (panels G and H), concentration. 
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TABLE 3. Size-Distributed Concentration and Calculated Dry and Wet Deposition Fluxes of iso- C 31 and n- Cj, from Cascade 
Irupactor Measurement Data 


wfrCji 0-C31 






flux of dry 

flux of wet 


flux of dry 

flux of wet 

diameter 



concn 

deposition 

deposition 
(pg nr 2 yr -1 ) 

concn 

deposition 

deposition 

(pm) 

l/d (cm s ) 

W f 

(ng m -3 ) 

(pg m 2 yrt') 

(ng m -3 ) 

(pg m~ 2 yr"') 

(pg m- 2 yr~ t ) 

>7.2 

2.000 

10 5 



0.00 

0.78 

491.96 

19.50 

7.2-3.0 

0.300 

1 o 5 



0.00 

0.85 

80.42 

21.25 

3.0-1.5 

0.030 

10 s 



0.00 

0.61 

5.77 

15.25 

1.5-0.96 

0.010 

10 s 

0,33 

1.04 

8.25 

0.97 

3.06 

24.25 

0.96-0 5 

0.006 

10 s 

0.18 

0.34 

4.50 

3.17 

6.00 

79.25 

<0.5 

0.070 

10 5 

2.43 

53.64 

60.75 

3.66 

80.80 

91.50 

total 



2 94 

55.02 

73.50 

10.04 

668.00 

251.00 


pyrene, benz[a]anthracene, chrysene, benzofluoranthenes, 
benzo[a]pyrene, benzo[e]pyrene, incleno[cd]pyrene, and 
benzo[#/jj]perylene), expressed as CPAHs, to the total 
concentration of PAHs [CPA! I s/TP AI Is (23)] had a mean value 
of 0.45 (±0.04) in urban samples and 0.70 (±0.07) in samples 
collected in smoking areas indoors. These values point out 
that in combustion the PAHs were the major components 
in indoor aerosols in comparison to urban and suburban 
ones, where petrogenic PAHs were more abundant. Sig¬ 
nificant differences were found in the concentration ratio of 
methylphenanthrenes to phenanthrene [MP/P, which has 
been used for source identification of PAHs (23 )J of urban, 
suburban, and indoor samples in comparison to the rural 
ones (Table 1). The mean MP/P value of urban samples was 
3.20 (±0.55), of suburban samples was 3.53 (±1.75), and of 
indoor samples was 2.94 (±1.02). These values characterize 
unburned fossil PAH mixtures connected to vehicular traffic 
(23, 24). The MP/P values confirm the indications provided 
by the CPAHS/TPAHS values. 

To further assess the different sources of PAHs present 
in the examined aerosol samples, a comparison (with caution) 
can be made between the diagnostic ratios bcnz|a]anthracene 
to [benz[a]anthracene + chrysene.tiyphenylerie] (BA/BA+CT), 
benzole]pyrene to [bcnzo[c]pyrenc + benzo[a]pyrene] (BeP/ 
BeP+BaP), fluoranthene to [fluoranthene + pyrene] (FI/ 
Fl+Py), and indenoll,2,3-cd]pyrene to |benzo|gbr]perylene 
+ tndeno[l,2,3-cc(]pyrene] (IP/IP+BgP), which are usually 
used for source reconciliation (24—28). The comparison of 
the above values with the corresponding ones obtained in 
indoor particles and cigarette smoke from the outdoor 
atmosphere and ETS (Table 1) indicated that these particles 
have, with respect to their PAHs composition, a rather mixed 
origin. When the gaseous phase was simultaneously collected 
with the particulate, the following observations were made: 
PAH concentrations ranged from 8.37 to 28.08 rig/m 2 in the 
gas phase and from 0.55 to6.5 ng/m 3 in the particulate phase. 
Their composition differs greatly (Figure 5B). The above- 
mentioned diagnostic ratios of concentrations of particular 
PAHs indicate that the gaseous PAHs found in the indoor 
atmosphere originate mostly from cigarette smoke. The ratio 
CPAHS/TPAHS for gas-phase associated PAHs is 0.17 ±0.07, 
a value thatis very close to the 0.21 value (Tabic 1) determined 
in cigarette smoke (f i). The same is true for the ratios BA/ 
BA+CT, 0.27 ± 0.09 (0.28 for cigarette smoke, Table 1), and 
Fl/Fl+Py, 0.48 ± 0.03 (0.48 for cigarette smoke, Table 1). 

Particle-Size Distribution of n-ALkanes, Branched Al¬ 
kanes, and PAHs Indoors and Outdoors. The relative 
concentration of n-alkancs, branched alkanes, and PAHs in 
total composition is strongly particle size dependent. This 
fact can be illustrated by using Lundgren plots (27, 28). Total 
concentrations of TSP. TSOE, n-alkanes, branched alkanes, 
and PAHs as a function of particle size for indoor and outdoor 
aerosols are shown in Figure 6. TSP diagrams (particularly 
in the indoor sample. Figure 6A) have a bimodai distribution. 
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FIGURE 7. n-Alkane and PAH relative compounds distribution in 
coarser (Dp > 7.2 pm; panels A and C) and finer (Dp 0.5 pm; 
panels B and D) indoor and outdoor aerosols. 

On the other hand, TSOE plots (Figure 6A.B) exhibit a 
predominant occurrence of TSOE in the size fraction smaller 
than 1.5 pm. The same was observed for outdoor urban 
aerosols (29 ), where in quantitative terms n-alkanes and PAHs 
predominate in the submicron fractions (and chiefly the <0.5 
pm fraction). Similar observations were made in out study 

for n-alkanes (Figure 60.D) and PAHs (Figure 6G.H) of indoor 
and outdoor aerosols. Also plotted in Figure 6, panels C and 
D, are the CPI values for Indoor and outdoor aerosols as a 
function of particle size. The decrease of CPI with particle 
size in outdoor aerosols (Figure GD) strongly suggests an 
increasing contribution of petrogenic hydrocarbons in the 
aerosols containing smaller particles. This fact has also been 
previously reported (29). In contrast to outdoor aerosols, 
for indoor aerosols CPI is increasing with particle size 
decrease (Figure 6C), showing that biogenic n-alkanes 
accumulate in the fine particles of the examined indoor 
sampling sites. In addition, the total concentration of iso- 
and anfciso-alkancs is accumulated in particles <- 1.5/mi. In 
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the fractions >1,5 ^in iso- and anrefso-alkanes were not 
detected in cither indoor (Figure 6 E) or outdoor (Figure 6 F) 
samples. The compound distribution of iso- and anteiso- 
alkanes in the small fractions of indoor aerosol (Figure 3A) 
has the same pattern as the d istribution of these compounds 
in cigarette smoke (Figure 3B). Similarities are to be observed 
also in the corresponding compound distribution pattern of 
outdoor aerosol (Figure 3C). 

Representative distributions of n-alkanes in coarser (>7.2 
um) and finer (<0.5,um) aerosol fractions arc shown in Figure 
7, panels A and B. These n-alkane distributions show 
dominant concentrations between C„ and C 3e . Coarser 
particles contain a higher relative proportion of homologues 
with higher molecular weights ( '' C^ b ) in the outdoor samples 
(Figure 7A). Conversely in indoor samples (Figure 7A) the 
coarser fractions contain a higher percentage of n-alkanes 
in the range of C^—Cn. It is noteworthy that indoor n-alkane 
particle size distributions show a predominance of higher 
plant hydrocarbons Cjj— C 33 in the smallest particle size 
fraction (Figure 7B). OEP n-alkane plots (Figure 4B) show 
that the plot corresponding to particles collected on the 
backup filter is almost identical to that of cigarette smoke 
(Figure 4A). This observation demonstrates that the wax 
n-alkanes enrichment in the finer indoor aerosol fraction is 
due to ETS. In addition, diagnostic branched and n-alkane 
individual concentration ratios (a-C 3 o//J-C 3 ( i, i-Cn/n-Cn. 
U-C 3 )/ n- C 32 , J-C 33 /n-C 33 , 1 -O 33 / J-C 31 , and a- C 32 /i-Crr Table 2) 
associated with submicron particles (<0.5 am) indoors are 
very similar to the corresponding ratios obtained for cigarette 
tobacco and cigarette smoke (Table 2 and ref 11). The same 
ratios (Table 2) considered for the outdoor finer particle 
fraction are definitely closer (especially for particles in the 
range of 0.96—0.5 pm, Table 2) to the ratios for cigarette 
smoke than to those obtained for leaf waxes (Table 2 , ref 11). 

Particle size distributions of PAHs in indoor and outdoor 
aerosols in coarser (^7.2 pm) and finer (<0.5 pm) aerosol 
fractions are also shown in Figure 7, panels C and D. Coarser 
particles in both indoorand outdoor samples contain mostly 
the petrogenic alkylated homologues (Figure 7C). On the 
contrary, the finer fraction is dominated by catacondensed 

structures of pyrolytic origin (Figure 7D). 

Deposition Potential of Iso- and Anfeiso-Alkanes. In 
Table 3 are presented the calculated results (see Methodology) 
for wet and dry deposition of branched and n-alkanes. For 
these calculations, we used data obtained from cascade 
impactor measurements. As we can notice, the most 
abundant biogenic alkane / 1 -C 31 concentration outdoors was 
highest (77.6% of the total concentration) In the fine aerosol 
(accumulation mode, 0.08pm < D < 3.5 pm, Table 3). The 
n-C3i flux for dry deposition was calculated to be 668.0 pg 
m" 2 yr“ 1 and for wet deposition was 251.0pg m _z yr _1 (Table 
3). Coarse particles (> 3pm) contribute 66.7% to n-C 3 i total 
flux, denoting that total deposition of biogenic n-alkanes is 
dominated by coarse particles, in contrast, the most 
abundant branched alkane Aso-Cji was associated only with 
the accumulation-mode particles (0.08 pm <■ D < 1.5 pm. 
Table 3). These accumulation-mode particles as compared 
with coarse particles are too small to undergo rapid gravi¬ 
tational settling, and they are more slowly removed by dry 
deposition. As a result, their atmospheric lifetimes are greater 
(20) (they can persist even more than 10 days), and 
consequently the iso- and anfetso-alkanes associated with 
them will have (due also to their chemical stability) longer 
atmospheric lifetimes than the corresponding n-alkanes. Wet 
deposition calculations showed (Table 3) that only 21,2% of 
n- C 31 was deposited by rain scavenging of fine particles, while 
57% of iso-C .31 was deposited by the same process. As iso- 
and a/jfe/so-alkanes were present only in the accumulation¬ 
mode particles, we expect them to be preferentially deposited 


by wet deposition. Indeed iso and antetso-alkanes were not 
determined In the urban atmosphere during the rain event. 
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